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In recent years, the using of nano-sized magnetic particles in the field of 
bioengineering is gaining more interest. Due to their size, magnetic nanoparticles provide 
large specific surface areas and moreover, the magnetic properties of these particles offer 
an excellent tool to handle particles in suspension by using magnetic field. However, to 
apply in the fields of bioengineering, surface modification of magnetic nanoparticles must 
be carried out with inorganic or organic materials. The present work deals with surface 
functionalization of magnetic nanoparticles with β-cyclodextrin and its application on 
refolding of denatured biomolecules. 
First, magnetic nanoparticles were prepared by co-precipitation of Fe2+ and Fe3+ salts 
at a 1:2 molar ratio with ammonium hydroxide (NH4OH). The magnetic nanoparticles 
were then coated with aminopropyl silane with amine (–NH2) groups. The amine (–NH2) 
groups were attached to the surface of magnetic nanoparticles through condensation of 
aminopropyltriethoxysilane (APTS) reaction. Finally, β-cyclodextrin bonded nano-sized 
magnetic particles were prepared through reaction between mono-tosyl-β-cyclodextrin 
(Ts-β-CD) and aminopropyl silane coated magnetic particles. The synthesis of mono-
tosyl-β-cyclodextrin was carried out by reacting β-cyclodextrin with a solution of p-
toluene-sulfonyl chloride in dry pyridine. 
The structural information of magnetic nanoparticles coated by aminosilane and β-
cyclodextrin bonded magnetic nanoparticles was characterized and confirmed using 
Transmission Electronic Microscopy (TEM), X-ray Photoelectron Spectroscopy (XPS), 
  ix
X-ray diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR), Fourier 
Transform Raman (FT-Raman) and elemental analysis. The bare magnetic particles and 
the β-cyclodextrin bonded magnetic particles were found to be in nano-sized and β-
cyclodextrin was attached on the surface of magnetic nanoparticles. 
As the need of pure proteins as bio-pharmaceuticals has increased, various proteins are 
being produced using bacterial expression systems such as Escherichia Coli based 
expression system (Swartz, 2001). However, protein expression accumulating in the host 
cell as biologically inactive aggregate is called inclusion bodies. These inclusion bodies 
need to be first extracted and purified from other intracellular components and soluble 
impurities such as cell debris by various cell disruption methods and centrifugation, 
filtration and special separation technique (Fischer et al., 1993). During this process, the 
biomolecules are subjected to missfolding and subsequent aggregation. Hence, it is 
necessary to refold to their native conformation. To recover the native conformation of a 
protein, chaperone is being used in a method so called artificial chaperone assisted 
refolding. Chaperones are molecular which help other polypeptides reach a precise 
conformation without affecting folding rates or becoming part of the final structure. This 
technique includes two steps. In the first step, the denatured protein forms tight complexes 
with cetyltrimethylammonium bromide (CTAB) (detergent) and avoids aggregation. In 
the second step, an added artificial chaperone, which binds to the surfactant molecule 
more strongly than protein trips away the detergent molecule from the complex and that 
allows protein refolding. β-cyclodextrin has the properties of an artificial chaperone and 
has been used in protein refolding process (Daugherty et al., 1998; Rozema et al., 1996a). 
  x
However, it is required to attach β-cyclodextrin to the solid matrix which will enable to 
reuse β-cyclodextrin through regeneration process. 
Thus, in present work, β-cyclodextrin bonded magnetic nanoparticles have been 
successfully synthesized and applied in refolding of denatured lysozyme process. These 
particles have significantly improved the refolding yield compared with bare magnetic 
nanoparticles and magnetic nanoparticles coated with aminosilane. Moreover, under 
certain experimental conditions, 71% refolding yield has been obtained for the denatured 
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Magnetic particles (microspheres, nanospheres, and magnetic fluids) have been 
applied in many fields of biotechnology and pharmaceutical such as separation of protein, 
enzyme, genes, Deoxyribonucleic Acid (DNA), Magnetic Resonance Imaging (MRI), 
diagnostics, immunoassays and drug delivery. In these fields, magnetic particles have 
been used as magnetic carriers or magnetic separation (Kresse et al., 1997; Tong et al., 
2001; Widder et al., 1978) 
Magnetic carriers (Kresse et al., 1997; Widder et al., 1978) are magnetic particles 
functionalized with specific groups. These particles can be used to introduce DNA into 
cells since their positively charged surface associates with the negatively charged DNA. 
Another application of magnetic particles as carriers is in drug delivery. They could be 
driven to the target organ and release pharmaceutical drug there after bearing it on their 
surface or in their bulk. 
Magnetic separation (Peng et al., 2004; Safarik et al., 1993) is technology dealing 
with the transport of magnetic and susceptible particles in a gradient magnetic field. This 
technology has been developed recently and mostly applied in the field of bioseparation. It 
is a quick, easy, sensitive and reliable technique of separation. The basic procedure 
includes 3 main steps. The first step is binding the magnetic particles to the target 
molecules via ligands to form a complex. The second step is using magnetic field to 
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separate the support from the bulk solution. The third step is regenerating the magnetic 
particles. 
To be applied in biotechnology, the size of magnetic particles is required to be 
small enough with large specific surface areas. Magnetic particles can be divided into 
three groups according to their sizes: microspheres (0.1-10µm), nanospheres (0.001-
0.1µm), magnetic fluids (0.01-0.1µm). One property of magnetic particles which plays an 
important role is superparamagnetism. The nano-magnetic particles of less than 15nm size 
exhibit superparamagnetism without permanent magnetization after the removal of 
external magnetic field. 
The magnetic particles without any coating tend to aggregate to form large 
clusters. It is therefore necessary to functionalize their surface for their application in the 
fields of biotechnology and thus avoiding aggregation. Many surface modifications have 
been done (Carpenter et al., 2001; Lin et al., 2001) which can be applied for the magnetic 
particles. However, in present the study, we introduce a new application of magnetic 
particles which is functionalized with β-cyclodextrin in the refolding field.   
In refolding technique, artificial chaperone has been used to replace the high cost 
molecular chaperone. Like cycloamylose, linear dextrin chain or α-glucosidase, β-
cyclodextrin has been used as artificial chaperone. Artificial chaperone-assisted refolding 
of several structurally diverse enzymes has been achieved using various detergents and a 
variety of their host molecules. Many published works (Daugherty et al., 1998; Rozema et 
al., 1996a) reported that the soluble or immobilized chaperones had successfully improved 
the refolding yield of several proteins. However, reproducibility and recoverability of the 
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chaperone are the major problems. The chaperone needs to be reused after washing and 
regeneration. It is therefore necessary to improve this method and solid phase artificial 
chaperone assisted refolding to be potentially applicable systems. 
1.2 Objectives and scopes 
1.2.1 Synthesis magnetic nanoparticles bonded β-cyclodextrin 
The objectives of this study are to:  
1. Synthesize magnetic nanoparticles (Fe3O4) using chemical precipitation 
method. 
2. Prepare derivative of β-cyclodextrin (mono-tosyl-β-cyclodextrin) in dry 
pyridine. 
3. Introduce functional groups (–NH2) on the surface of magnetic nanoparticles 
by using aminopropyltriethoxysilane (APTS) as the surface mofidication agent.   
4. Synthesize magnetic nanoparticles bonded β-cyclodextrin through reaction 
between magnetic nanoparticles functionalized –NH2 groups and derivative of 
β-cyclodextrin (mono-tosyl-β-cyclodextrin). 
5. Determine the structure information of magnetite nanoparticles coated by 
aminosilane and β-cyclodextrin bonded magnetic particles using Transmission 
Electronic Microscopy (TEM), X-ray Photoelectron Spectroscopy (XPS), X-
ray diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR), 
Fourier transform Raman (FT-Raman) and Elemental analysis. 
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1.2.2 Artificial chaperone assisted refolding 
The aims of this study are to: 
1. Denature protein (lysozyme) using urea in Tris-HCl solution containing 
ethylenedinitrilotetraacetic acid (EDTA) and dithiothreitol (DTT). 
2. Determine kinetic of lysozyme refolding assisted by a solid phase artificial 
chaperone using magnetic nanoparticles bonded β-cyclodextrin. 
3. Compare the efficiency of refolding process using magnetic nanoparticles 
bonded β-cyclodextrin with bare magnetic nanoparticles as well as magnetic 
nanoparticles coated with aminosilane. The efficiency of refolding process is 






2.1 Magnetic particles 
Magnetic particles have been synthesized and applied in many fields in the early 
seventies and since then magnetic technology has been developed quickly. With the 
developing of techniques to identify the nano-sized structure, nanoparticles have also been 
studied. And now, it is the exploration period of nanoparticles. The preparation of 
magnetic nanoparticles and their applications are being studied.  
2.1.1 Preparation of magnetic nanoparticles 
 Several types of iron oxides have been investigated in the field of nano-sized 
magnetic particles, among which magnetite (Fe3O4) is a very promising candidate 
(Schwertmann et al., 1991). Magnetite, Fe3O4, is a common magnetic iron oxide that has a 
cube inverse spinel structure with oxygen forming an fcc closed packing and Fe cations 
occupying interstitial tetrahedral sites and octahedral sites. The electrons can hop between 
Fe2+ and Fe3+ ions in the octahedral sites at room temperature, rendering magnetite an 
important class of half-metallic materials (Kwei et al., 1990).  
It has long been of scientific and technological challenge to synthesize the 
magnetic nanoparticles of customized size and shape. To control the size and shape of the 
magnetic nanoparticles, both physical and wet chemical methods could be used. With 
physical methods such as gas phase deposition and electron beam lithography, 
elaborateness is required. The wet chemical method is simpler and more efficient with 
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appreciable control over size, composition and sometimes even the shape of the 
nanoparticles (Gupta et al., 2004). 
Iron oxide magnetite (Fe3O4) could be prepared by the co-precipitation method of 
Fe2+ and Fe3+ aqueous salt solutions by addition of a base (Peng et al., 2004). The control 
of size, shape and composition of nanoparticles depends on the type of salts used 
(chlorides, sulfates, nitrates, perchlorates), Fe2+ and Fe3+ ratio, pH and ionic strength of 
the media (Sjogren et al., 1994). A complete precipitation of Fe3O4 is achieved by adding 
a base to an aqueous mixture of Fe2+ and Fe3+ chlorides at a 1:2 molar ratio, as shown in 
Figure 2.1. The precipitated magnetite is black in colour and this method is based on the 
following chemical reaction: 
OHOFeOHFeFe 243
32 482 +→++ −++                                 (2.1) 
 
                                   Fe3+ + H2O                                          Fe(OH)x3-x                        (2.2) 
  
             Fe2+ + H2O                       Fe(OH)y2-y                        (2.3) 
 









Figure 2.1: Schematic diagram of synthesis magnetic nanoparticles 
In order to collect a complete precipitation of Fe3O4, this reaction is carried out under 
a non-oxidizing oxygen free environment. Otherwise, Fe3O4 might also be oxidized as 
shown in the following chemical reaction: 
   Fe3O4 + 0.25O2 + 4.5H2O      3Fe(OH)3                              (2.4) 
To prevent Fe3O4 from possible oxidation in air as well as from agglomeration, 
Fe3O4 produced by reaction (2.1) is usually protected with organic or inorganic molecules 
during the precipitation process. However, an oxygen-free environment used in this case is 
created by passing N2 gas. Bubbling nitrogen gas through the solution not only protects 
Fe3O4 but also reduces their size (Schwertmann et al., 1991).  
Magnetite particles obtained under different ways might exhibit large differences 
of their magnetic properties. These differences are attributed to changes in structural 
disorder, creation of anti-phase boundaries, or the existence of a magnetically dead layer 
at the particle surface. Many studies (Coey, 1971; Varanda et al., 2002) have observed 




















mentioned the existence of noncollinear spins at the surface; the other studies (Varanda et 
al., 2002) have reported a linear correlation between saturation magnetization and particle 
size.  
The use of magnetic nanoparticles in biomedical application depends on the size 
distribution, magnetic properties and the particle surface characteristics (Berry et al., 
2003; Pankhurst et al., 2003). Many methods have been used to synthesize magnetic 
nanoparticles such as: aerosol/vapor (pyrolysis), gas deposition, bulk solution, sol-gel and 
microemulsion methods. The difference among the methods is based on the principle of 
precipitation in highly constrained domains. If the aqueous core and particle are assumed 
spherical, the expected fully dense single particle diameter upon cation exhaustion is  






MDd                                                       (2.5) 
where d and D are particle and vesicle internal diameters (in m), respectively and M is the 
internal cation molarity. MW is the molecular weight of the product and ρ is the product 
density (in g/cm3). Particle size can therefore be controlled by varying the solution 
concentration and cavity size (Yaacob et al., 1994).  
Without any surface coating, iron oxide magnetic nanoparticles have hydrophobic 
surfaces with a large surface area to volume ratio. The hydrophobic interactions between 
the particles cause agglomeration and form large clusters which can increase the particle 
size. When two large-particle clusters are too close one another, each of them comes into 
the magnetic field of the neighbor and each particle in this case gets further magnetized.  
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2.1.2 Magnetic properties of iron oxide particles 
Iron oxide particles can be classified into superparamagnetism and 
ferromagnetism. When they are subject to an external magnetic field, they respond in 
different ways. The magnetic properties of these particles can be described by the 
dependence of the magnetic induction B on the magnetic field H. In most materials, the 
relation between B and H is linear: 
B=μH                                                             (2.6) 
(where μ is the magnetic permeability of the particles. Iron oxide particles exhibit 
paramagnetism if μ>1 and diamagnetism if μ<1. In vacuum, μ=1). 
¾ Superparamagnetism creates the stability and dispersion of the magnetic 
nanoparticles upon removal of the magnetic field as no residual magnetic force 
exists between the particles. The particles below approximately 15nm are so 
small that no permanent magnetization remains after the particles have been 
subjected to an external magnetic field. However, they still exhibit very strong 
paramagnetic properties with a very large susceptibility. Magnetic 
nanoparticles of iron oxide can be used as contrast agent in Magnetic 
Resonance Imaging (MRI) due to these properties.   
¾ On the other hand, ferromagnetism particles can exhibit magnetization without 
being in a magnetic field. The unpaired electron spins of these particles align 
themselves spontaneously. A single atom can not exhibit ferromagnetism, but 
once a certain number of atoms are bound together in a solid form, 
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ferromagnetic properties arise. When the ferromagnetic particles are removed 
from the magnetic field, they exhibit permanent magnetization.  
The magnetic properties of iron oxide particles depend on their size. When 
particles are subjected to magnetic field, they behave differently. Lefebure et al. (1998) 
showed that the magnetic properties changed when the size of particles were reduced from 
micrometer to nanometer range. For example, the particles with sizes in the range of 6 to 
15nm exhibit superparamagnetic properties. But, when the grain size increases in 
micrometer range, the particles have ferromagnetic behavior.  Chatterjee et al. (2003) also 
reported that the change in size can cause the change in blocking temperature. Blocking 
temperature is the transition temperature between the ferromagnetic and 
superparamagnetic phase. Particles with lower blocking temperature exhibit 
superparamagnetic properties, whereas particles with the higher blocking temperature 
show ferromagnetic behavior. 
However, the absolute saturation magnetization value of the particles decreases 
when the size of particles is reduced to less than 10nm (Han et al., 1994). Surface 
modification of the iron oxide nanoparticles also decreases the saturation magnetization 
values due to coating of particles with non-magnetic materials which leads to forming a 
non-magnetic shell. 
2.1.3 Surface modification of magnetic nanoparticles for biomedical application 
Surface modification of nanoparticles could be carried out using either inorganic or 
polymeric materials. With the polymeric materials, we can classify into either synthetic or 
natural polymeric materials. Polymer based on polyvinyl pyrrolidone (PVP), polyvinyl 
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alcohol (PVA), polyethylene glycol (PEG), etc. are typical examples of synthetic 
polymeric materials. Gelatin, dextrin, chitosan, pullutan, etc. are used in natural polymeric 
systems. To enhance dispersibility of the nanoparticles in an aqueous medium, various 
surfactants such as sodium oleate, dodecylamine, sodium carboxymethylcellulose have 
been used. 
¾ Surface modification with inorganic molecules: Iron oxide nanoparticles 
could be coated by an outer metallic shell of inorganic materials such as: gold, 
silica, gadolinium, etc. These coating layers not only protect the nanoparticles 
in solution but also help in binding the various biological ligands at the 
nanoparticle surface.  
Metallic iron particles coated by a thin layer of gold via a microemulsion have 
been prepared by Carpenter et al (2001). The gold shell protects the iron core 
against oxidization and provides a good surface for subsequent 
functionalization with chemical or biological agents. Magnetic nanoparticles 
designed for drug delivery must also be completely biocompatible. Iron oxide 
particles are known to be non-toxic, and are eventually broken down to form 
blood hemoglobin. In case of Au-coated ferromagnetic particles, the small 
amount of Au would be passed through the body eventually, and any Fe would 
also be metabolized (Lin et al., 2001). The average nanoparticle size of the 
core shell structure is about 8 nm, with about 6 nm diameter core and 1-2 nm 
shell (Zhou et al., 2001). 
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Like gold, silica had also been used to coat iron oxide particles. A surface 
coated with silica has silanol groups that can easily react with alcohols and 
silane coupling agents. These groups can keep the dispersion stable in non-
aqueous solvents and create covalent bonding of the specific ligands. Xia et al. 
(2005) reported a procedure based on the Stöber method to coat the surface of 
iron oxide nanoparticles with silica by using tetraethylorthosilicate (TEOS). 
Iron oxide particles dispersed in toluene are added to isopropanol to form 
emulsion drops due to toluene was more miscible with hydrophobic iron oxide 
particles than isopropanol. Then, a sol-gel precursor is introduced to coat the 
emulsion drops with silica shells. Most of iron oxide nanoparticles would be 
located in the center of each silica colloid. The size of the iron oxide-silica 
colloids could be controlled by changing the ratio between the concentrations 
of TEOS and iron oxide nanoparticles and the type of alcohol used as solvent 
in the Stöber process. Wu et al. (2002) used a wet chemical method to 
synthesize SiO2-coated Fe nanoparticles. Iron nitrate and tetraethoxysilane are 
mixed in alcohol with controlled pH and temperature. The pre-composite 
powder obtained after drying process in an oven is then calcined in the 
presence of a reducing agent to form the SiO2-coated Fe nanoparticles. The 
synthesized nanoparticles have an inner ferrihydrite core. The size of 
ferrihydrite core and the magnetic properties of the nanoparticles depend 
strongly on calcination procedure. 
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Particles of gadolinium iron garnet, Gd3Fe5O12, are prepared by an aerosol 
spray pyrolysis technique starting with solutions of gadolinium and iron 
nitrates (Xu et al., 1992).                                
¾ Surface modification with non-polymeric organic materials: Peng et al. 
(2003) used bilayer surfactant (undecanoic acid) coated magnetic particles for 
the separation of chemicals. 2-hydroxyphenol and 2-nitrophenol system are 
chosen for the adsorption study based on their polarity. The prepared magnetic 
particles can selectively absorb 2-hydroxyphenol from mixture of 2-
hydroxyphenol and 2-nitrophenol due to these particles have free polar heads 
at the outer layer. Oleic acid, lauric acid, dodecylphosphonic acid, 
hexadecylphosphonic acid, dihexadecylphosphonic acid etc. are also used in 
surface derivative of magnetite to stabilize the nanoparticles in organic 
solvents (Sahoo et al., 2001). These ligands form a quasi-bilayer structure with 
the primary layer strongly bonded to the surface of nanoparticles. Monomeric 
organic molecules have also been developed as coating materials instead of 
polymers which lead to thick surface layers (Portet et al., 2001). The main 
property of these small molecules is to produce a homogenous coating of the 
bare iron oxide core that is able to inhibit the protein absorption.   
¾ Surface modification with polymer: Polymeric coatings on magnetic 
nanoparticles are carried out by the precipitation of inorganic particles in a 
cross-linked polymer matrix or network of gel. Ugelstad et al. (1993) prepared 
hydrophobic monosize polystyrene magnetic particles. The methodology used 
is basically based on direct precipitation of iron salts inside in the pores of the 
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sporous polystyrene seed. The hydrophilic magnetic latexes have been first 
reported by Kawaguchi et al. (1996) using acrylamide as the initial monomer.  
¾ Surface functionalization with targeting ligands: An affinity dye, Cibacron 
Blue F3GA, is covalently incorporated onto the surface of magnetic beads 
(Odabadsi et al., 2004). Lysozyme and human serum albumin (HSA) 
adsorption onto Cibacron Blue F3GA attached magnetic poly(2-hydroxyethyl 
methacrylate) beads has also been investigated. KSCN and Tris-HCl buffer 
containing NaCl were used as the eluents for lysozyme and HSA desorption 
respectively. The lysozyme adsorption capacity of the dye-incorporated beads 
was 390mg/g (Odabadsi et al., 2004) and the amount of HSA adsorption on the 
dye-incorporated beads was 94.5 mg/g (Odabadsi et al., 2004). Chitosan was 
also used as a ligand in chitosan-conjugated magnetite for magnetic cell 
separation (Honda et al., 1998) or for lysozyme isolation (Safarik et al., 1993). 
The results from cation-exchange chromatography and activity in lysozyme 
adsorption have confirmed that magnetic chitin prepared from magnetic 
chitosan after acetylation with acetic anhydride could probably be used for 
isolation of lysozyme from different animal and plant sources. Zhang et al. 
(2002) have modified polyethylene glycol (PEG) and folic acid on the surface 
of superparamagnetic magnetite nanoparticles to improve intracellular uptake 
and ability to target specific cells. 
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2.1.4 Application of magnetic particles 
¾ Cellular labelling/cell separation: Cell can be labeled with ferro or paramagnetic 
substance in the vivo cell separation as the labeled cells can be detected by MRI. 
In labeling techniques, magnetic particles are attached to the cell surface or 
internalized by fluid phase endocytosis (Schoepf et al., 1998), receptor-mediated 
endocytosis (Cuatrecasas et al., 1983) or phagocytosis (Weissleder et al., 1997). 
¾ Tissue repair: Tissue repair using iron oxide nanoparticles is accomplished 
either through welding or through soldering. Two tissue surfaces are apposed 
together and then heated sufficiently to join them; or protein, synthetic 
polymer-coated nanoparticles are placed between two tissue surfaces to 
enhance joining of the tissues. Temperatures higher than 50oC are known to 
induce tissue union. It is explained by the denaturation of the proteins and the 
subsequent entanglement of adjacent protein chains. Gold or silica coated iron 
oxide nanoparticles (Xu et al., 2004) that strongly absorbed light are useful for 
tissue repairing procedures. This technique creates methods to minimize tissue 
damage by using the least harmful wavelengths of light and lower powered 
light sources. To replace degenerated cells or repairing of a damage tissue, the 
superparamagnetic nanoparticles could be coupled to the cells and used to 
target these cells at the desired site in the body. In addition, various proteins, 
growth factors, etc. bounded on these nanoparticles might be delivered at the 
damage tissues where they would play an important role in tissue development.           
¾ Drug delivery and targeting: The treatment of solid tumors using 
chemotherapy has been limited by systemic toxicity resulting in sub-optimal 
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dosing and thus limited efficacy. To improve efficacy, targeted drug delivery 
has been used to increase the drug concentration at the tumor while limiting 
systemic drug concentration. Magnetic drug targeting has been developed since 
1970s’. The advantage of this method could be observed. With only the 
smallest amount of magnetic particles, a maximum concentration of drug could 
be easily administered and transported to the site of choice. Widder et al. 
(1978) developed albumin microspheres encasing anticancer drug. The 
magnetic particles injected into an animal are retained at the magnet site 
depending on the magnetic field strength. And they can be retained in other 
parts of the body depending on the placement of the external magnet. 
Therefore, the magnetic force enhances the uptake of magnetic particles by 
tumor cells. It can be concluded that the attachment of drugs to magnetic 
nanoparticles can be used to reduce drug doses and potential side effects to 
healthy tissues and the costs associated with drug treatment.          
¾ Magnetic resonance imaging (MRI): Magnetic particles have been developed 
as contrast agents for Magnetic Resonance Imaging (MRI) and increasing the 
diagnostic sensitivity and specificity due to modifications of the relaxation 
time of hydrogen atoms. Magnetic particles coated dextran were first registered 
as contrast agents for MRI of the liver in Europe 10 years ago (Kresse et al., 
1997). The ability of magnetic particles as contrast agent in various tissues 
depends on their physicochemical properties such as size, charge and coating. 
Especially, when their surface is modified by biologically active substance 
(antibodies, receptor ligands, polysaccharides, protein, etc.), the efficacy of 
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magnetic particles as contrast agents could be increased. Coatings usually are 
made from the derivates of dextran, starch, albumin, silica, polyethylene 
glycol, etc. First, dextran stabilized magnetic particles with an overall size of 
45 nm and an iron oxide core of 5 nm are functionalized with a protein and 
could be introduced into several cell types. When these cells are injected 
intravenously in mice, their accumulation could be observed by means of MRI 
in the bone marrow, liver, spleen of these animals.               
¾ Hyperthermia: Hippocrates, the father of medicine, used hyperthermia in the 
treatment of malignant tumor. He suggested that hot iron can cauterize the 
surface tumors. Hot water bath, pyrogens such as mixed bacterial toxins, 
perfusion heating, high-frequency radiation, magnetic fluid hyperthermia have 
been recently used to heat and destroy tumors (Nielsen et al., 2001). Magnetic 
induction hyperthermia, one of the therapies for cancer treatment, has meaned 
the exposition of cancer tissues to an alternating magnetic field. The living 
tissues do not absorb magnetic field so it can be applied to deep region in the 
living body. When the magnetic particles are subjected to a variable magnetic 
field, some heat is generated due to magnetic hysteresis loss. The amount of 
heat generated is based on the nature of magnetic material and of magnetic 
field parameters. Magnetic particles embedded around a tumour site and placed 
within an oscillating magnetic field will heat up. Their temperature depends on 
the magnetic properties of the material, the strength of the magnetic field, the 
frequency of oscillation and the cooling capacity of the blood flow in the 
tumour site. Cancer cell are destroyed at temperature higher than 43oC, where 
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as the normal cells can survive at higher temperatures. These materials are not 
only biocompatible but also bioactive. Many experiments with animals or 
cancerous cell cultures have been carried out by using magnetic particles for 
hyperthermia.        
¾ Metal removal and environment application: Besides many applications of 
magnetic nanoparticles in the fields of medicine (Nielsen et al., 2001), 
diagnostics (Kresse et al., 1997), magnetic nanoparticles could be applied in 
environmental sciences. The separation of metals from wastewater using 
magnetic particles is carried out by magnetic gradients (Phan et al., 2002). 
These particles are tailored in order to bind specific metal species or molecules 
and then could be removed from wastewater. The sorption capacity and the 
magnetic field gradient are the important factors of the particles using magnetic 
separation. The magnetic field gradient is required as small as possible. These 
particles have to become magnetized at low field, but not to stay magnetized if 
the field is cut off. Magnetite, Fe3O4, is a suitable material that is easy to 
synthesize and cheaper than other materials such as Fe, Co, MFe2O4 etc. The 
medium from which metals can be removed is often a strong acidic 
environment. However, the magnetite dissolves in this medium, especially in 
case that the particles are in nano size range. To apply these nanoparticles in 
environmental sciences, some special surface modifications have been done. 
Nanoparticles coated by a bifunctional polymer layer have been used as 
extracts for organic compound or particles coated with a simple hydrophobic 
surfactant and dispersed in an organic solvent extract can also be used. The 
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particles can also be coated by a bifunctional molecule complex in which one 
ends the metallic surface, and the other ends the heavy ion to separate from a 
waste. When the particles are coated by ligands able to complex the metal ions, 
the ligands have to be designed in order to allow reversibility of the complex.  
¾ Isolation and purification proteins and peptides: Isolation, separation and 
purification of various types of proteins and peptides, as well as of other 
specific molecules, using magnetic nanoparticles have been receiving more 
attention recently. The basic principle of batch magnetic separation is very 
simple. Magnetic carriers immobilized affinity or hydrophobic ligand or ion-
exchange groups, or magnetic biopolymer particles having affinity to the 
isolated structure, are mixed with a sample containing target compound. First, 
the target compound binds to the magnetic particles. Then, the whole magnetic 
complex is easily and rapidly removed from the sample using an external 
magnetic field. After washing out the contaminants, the isolated target 
compound can be eluted. Magnetic particles bind gently to the target protein or 
peptides. Large complex proteins which tend to be broken by traditional 
column chromatography techniques may retain intact when using the very 
gentle magnetic separation procedure. In the elution step, bound proteins and 
peptides can be submitted to standard elution methods such as change of pH, 
change of ionic strength, use of polarity reducing agents (e.g., dioxane or 
ethylene glycol) or the use of deforming elution containing chaotropic salts. 
Affinity elution (e.g., elution of glycoprotein from lectin coated magnetic 
beads by the addition of free sugar) may be very efficient and gentle. Peng et 
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al. (2004) used bare magnetic nanoparticles in the adsorption and desorption of 
lysozyme and albumin. Their work showed that the maximum adsorption 
occurred at each of their isoelectric point and the conformation change of the 
lysozyme desorbed by NaH2PO4 was small, while the lysozyme desorbed by 
NaSCN underwent a significant conformation change. Besides, Tong et al. 
(2001) have prepared a new magnetic support with superparamagnetic property 
and high adsorption capacity for proteins. Nanometer-sized superparamagnetic 
particles are first prepared by an oxidazation-precipitation method and 
stabilized by the polyvinyl alcohol (PVA). Before Cibacron blue 3GA (CB) are 
coupled to the particles to prepare a magnetic affinity support, the magnetic 
nanoparticles had been bound with glutaraldehyde. This magnetic affinity 
support is then applied to absorb lysozyme. The results indicated that the 
magnetic support could be a promising candidate for protein separation. 
2.2 β-Cyclodextrin (cyclomaltoheptaose)  
2.2.1 Structure of β-cyclodextrin 
Cyclodextrins (CDs) are torus-shaped cyclic oligosaccharides made up of α-1,4-
linked-D-glycopyranose units. They are produced by using enzyme to convert starch into 
cyclodextrins. While α-cyclodextrin and γ-cyclodextrin are composed of six and eight D-
glucose residues, β-cyclodextrin is composed of seven D-glucose residues, each linked α-
1→4 in a cyclic structure. The interior of the cavity, which contains two rings of C-H 
groups with a ring of glycosidic oxygen in between, is relatively, hydrophobic, while the 
external faces with hydroxyl groups are hydrophilic. All secondary hydroxyl groups (C2-
OH and C3-OH) are situated on the wider end of the cavity, whereas all primary 
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hydroxyls (C6-OH) are situated on the narrower end, as shown in Figure 2.2. The internal 
hydrophobic cavity is the key structural feature of the cyclodextrins (Sidney, 1999). It 
provides their ability to complex and hold a wide variety of inclusion molecules. To bind 
with cyclodextrins, the inclusion molecule must have a size that fits, at least partially, into 
the cavity, creating the complex. The inclusion compound, however, does not have to be 
completely contained in the cavity. Complexes can be formed by the insertion of some 
specific functional groups or part of the molecule to bind in the hydrophobic cavity.  
 
 













Figure 2.2: The structure of β-cyclodextrin 
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2.2.2 Application of β-cyclodextrin 
Over the last few years, the price of cyclodextrins and some of their chemically 
modified derivatives has dropped dramatically. This drop in price has expanded the use of 
cyclodextrins in the commercial sphere. 
¾ Because of their ability to form inclusion complexes, cyclodextrins can be used to 
stabilize labile compounds and protect compounds from light or oxygen (Eastburn 
et al., 1994). Inclusion complexes can also be used to control the release, stability, 
solubility, and utilization of biologically active compounds such as drugs (Uekama 
et al., 1998a,b), flavors, odors  and so forth (Mamata et al., 2002). The 
cyclodextrins can also be used to mask, alter, and/or eliminate undesirable flavors 
and odors (Prasad et al., 1999), and they can be used to increase the water 
solubility of compounds that otherwise have low solubility (Lezcano et al., 2002).    
¾ Cyclodextrins are chiral molecules and they can form inclusion complex with 
molecules that penetrate their cavities applied in chiral separation. They are known 
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to treat preferentially with certain chiral isomers. Therefore, cyclodextrins are 
widely used for chromatographic separations, either as a stationary-phase or as a 
mobile-phase additive. Many published works focused on the synthesis of 
supramolecular systems based on silica and cyclodextrins to apply on the 
enantiomeric separation. The β-cyclodextrin is bonded with silica through γ-
aminopropyltriethoxysilane. Belyakova et al. (2005) prepared a β-cyclodextrin 
bonded stationary phase by immobilizing the monotosyl derivatives of β-
cyclodextrin, 6-O-(p-tosyl)-β-cyclodextrin. In this context, β-cyclodextrin bonded 
magnesia-zirconia was described by He et al. (2004). Li et al. (1991) also used β-
cyclodextrin bonded stationary phase to separate the enantiomers of dinitrophenyl 
amino acids whereas Vigh et al. (1990) separated dansylamino acids and barbitals 
by cyclodextrin-silica. 
¾ The other application of cyclodextrins is used to strip the surfactant from the 
complex and trigger the protein refolding in a method referred to artificial 
chaperone-assisted protein refolding. Denatured proteins such as lysozyme, bovine 
carbonic anhydrase B (CAB), citrate synthase and α-glucosidase are difficult to 
refold. Molecular chaperones such as β-cyclodextrin, cycloamyclose and a linear 
dextrin chain in soluble or immobilized form have successfully improved the 
refolding yields of these proteins. However, molecular chaperones themselves are 
proteins, it is necessary to reuse after washing and regeneration. The production 
cost and scaling up for industrial process have also been concerned. In these 
respects, introducing a solid phase as a detergent binding agent offers the 
following improvements over the conventional liquid phase method using soluble 
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molecular chaperones. Mannen et al. (2001) used insoluble cyclodextrin polymer 
beads to refold α-glucosidase. This polymer bead was made from soluble β-
cyclodextrin polymers with a molecular weight around 5000 (4-5 β-cyclodextrin 
units) by reaction with a cross-linking reagent, epichlorohydrin. From the 
enzymatic activity assay, the authors have demonstrated that α-glucosidase can be 
refolded with high efficiency using insoluble β-cyclodextrin polymer beads (a 
refolding yield >60% when they added 48mg β-cyclodextrin beads in 1.5ml 
refolding solution). Another insoluble cyclodextrin polymer bead was also 
synthesized by Yamaguchi et al. (2004). It was β-cyclodextrin acrylamide 
copolymer beads with biocompatibility and hydrophilicity. In this case, CAB and 
lysozyme were chosen to refold. The results showed that the activity of refolding 
sample was recovered after adding solid-phase artificial chaperone with high yield 
(up to 65% for lysozyme and 80% for carbonic anhydrase B). In this context, a 
temperature stimuli responsive polymer, PNIPAAm and the grafting of PNIPAAm 
onto β-CD were prepared by Lu et al. (2005). The tunable hydrophobic interaction 
between PNIPAAm segment and protein would be applied to depress the 
formation of protein aggregates during the stripping process. As compared with β-
CD as the stripper, the β-CD grafted PNIPAAm not only strips CTAB from the 
CTAB-denatured lysozyme complex with the β-CD segment but also inhibits the 
formation of protein aggregates during the following refolding step. This is 
contributed by the PNIPAAm segment that interacts with the protein being 




Lysozyme is a commercially valuable enzyme and its common applications are: as 
a cell disrupting agent for the extraction of bacterial intracellular products, as an 
antibacterial agent in ophthalmologic preparations, as a food additive in milk products, 
and as a drug for the treatment of ulcers and infections. The use of lysozyme as an 
anticancer drug has been demonstrated by animal and in vitro cell culture experiments. 
Furthermore, lysozyme has also been used in cancer chemotherapy or in increasing the 
production of immunoglobulin by hybridoma technology. Lysozyme is a single chain of 
129 residues. In secondary structure, lysozyme has five helical regions. Three are standard 
alpha helices but one (residues 109- 115) is closer to the pi helix in character while two 
(80-84 and 120-124) are intermediate in structure between the 3-10 helix and the alpha 
helix. There are also five regions of beta sheet and a large amount of random coil and beta 
turns. The enzyme is approximately ellipsoidal in shape, with a large cleft in one side 
forming the active site. 
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CHAPTER 3 
MATERIALS AND METHODS 
3.1 Introduction  
Nano-sized magnetic particles (Fe3O4) modified β-cyclodextrin were prepared in 
this study. It is known that β-cyclodextrin can not directly attach on the surface of bare 
magnetic nanoparticles.  First, a spacer arm was grafted on to the magnetite particles and 
then a derivative of β-cyclodextrin (mono-tosyl-β-cyclodextrin) was reacted with the 
terminal group of the spacer arm. To activate the reaction of β-cyclodextrin on the surface, 
a simple method was used to modifying –NH2 linker as the surface modification agent. 
This amine activated surface was covalently linked with mono-tosyl-β-cyclodextrin while 
mono-tosyl-β-cyclodextrin was prepared by the reaction between β-cyclodextrin and 

























Figure 3.1: Schematic diagram of synthesis magnetic nanoparticles coated β-cyclodextrin 
3.2 Chemicals 
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Table 3.1: List of chemicals used 
Chemical name Molecular Formula Grade Supplier 
Iron (II) chloride tetrahydrate 
(99%) 
Iron (III) chloride hexahydrate 
(98%) 
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Urea 
Glutathionine reduced (GSH) 







































All the chemicals were used as purchased without any further treatment except 
N,N-dimethylformamide (DMF). DMF was distilled before use. The water used in this 
work was Milli-Q ultra pure water. 
3.3 Synthesis β-cyclodextrin bonded nano-sized magnetic particles 
3.3.1 Preparation of magnetite nanoparticles (Fe3O4) (C1) 
Magnetite nanoparticles were prepared by chemical precipitation method (Peng et 
al., 2004). The method is based on the following chemical reaction: 
FeCl2.4H2O + 2FeCl3.6H2O + 8NH4OH → Fe3O4(s) + 8NH4Cl + 20H2O     (3.1) 
To obtain 1g Fe3O4 precipitate, 0.86g of FeCl2.4H2O and 2.36g FeCl3.6H2O were 
reacted under a nitrogen atmosphere in 40ml of de-aerated Milli-Q water with vigorous 
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stirring (1,000rpm). 5ml NH4OH was added after the solution was heated to 80ºC. The 
reaction was carried out further for another 30 min at 80ºC under constant stirring to 
ensure the complete growth of the nanoparticle crystals. The resulting particles were then 
washed with Milli-Q water to remove any unreacted chemicals and dried by freeze-dryer 
(Edwards free dryer, ESM 1342) for 24h. 
A complete precipitation of Fe3O4 was achieved under alkaline condition, while 
maintaining a molar ratio of Fe2+: Fe3+ = 1: 2 under a non-oxidizing environment. Non-
oxidizing environment has been applied to prevent the oxidizing Fe3O4 as shown in the 
following chemical reaction: 
Fe3O4 + 0.25O2+ 4.5H2O → 3 Fe(OH)3                                   (3.2) 
3.3.2 Preparation of mono-tosyl-β-cyclodextrin (C2) 
A solution of β-cyclodextrin (18g, 16mmol) in 100 ml dry pyridine was prepared. 
2.5 g paratosyl chloride (12mmol) was added to this solution. The mixture was vigorously 
stirred and kept in ice-batch at 0ºC for 24h, then kept for another 24h at room temperature 
(Belyakova et al., 2005). After evaporation under vacuum, the mixture was poured in the 
ethyl ether. A white precipitate was collected and purified by repeated crystallization from 
water. This product was finally washed with acetone and dried under vacuum at 60ºC.  
 3.3.3 Preparation of magnetic nanoparticles coated by aminosilane (C3) 
3g C1 was suspended in 90ml ethanol and 1ml H2O for 30 min in the ultrasonic 
bath. The mixture was then vigorously stirred in a 250ml three neck flask equipped with a 
reflux condenser in for 40 min. 10ml γ-aminopropyltriethoxysilane (APTES) was added 
slowly to the flask. The reaction was carried out for 3h at the refluxing temperature under 
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nitrogen atmosphere and mechanical stirring. Before drying under vacuum at 80ºC, the 
particles were washed once with water and twice with ethanol.  
3.3.4 Preparation of β-cyclodextrin bonded nano-sized magnetic particles (C4) 
N,N-dimethylformamide (DMF) containing 2g compound C3 was stirred in the 
three neck flask equipped with a reflux condenser at room temperature. Then, 0.25g 
compound C2 in DMF was added (pH~7). The temperature was increased 60ºC and the 
reaction was carried out for 7h under nitrogen atmosphere and mechanical stirring. The 
reaction mixture was left overnight. The particles were collected using a permanent 
magnet. The precipitated solid was then washed with DMF, water and acetone to remove 
any unreacted chemicals and dried in the air. 
3.4 Characterizations of particles 
3.4.1 Transmission Electronic Microscopy (TEM) 
A bright-field TEM (JEM-2010) was used to measure the size of magnetic 
particles. The sample was prepared by coating a thin layer of diluted magnetic particle 
suspension on a copper grid (200mesh and cover with formvar/carbon). 
3.4.2 Fourier Transform Infrared Spectroscopy (FTIR) 
FTIR measurements were performed using a Bio-Rad infrared spectrometer 
(Model 400) with KBr as background over the range of 4000-400 cm-1.  
3.4.3 Fourier Transform Raman Spectroscopy (FT-Raman) 
FT-Raman spectrometry was carried out with a Bruker spectrometer (Model 
Equinox 55). 
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3.4.4 X-ray Photoelectron Spectroscopy (XPS) 
 XPS measurements were made on a VG ESCALAB MkII spectrometer with a 
MgK α X-ray source (1253.5 eV photons) at a constant retard ratio of 40. The samples 
were mounted on the standard sample studs by means of the double-sided adhesive tape. 
The core-level signals were obtained at a photoelectron take-off angle of 75º (with respect 
to the sample surface). The X-ray source was run at a reduced power of 120W. The 
pressure in the analysis chamber was maintained at 7.5×10¯9 Torr or lower during each 
measurement. All binding energies (BEs) were referenced to the C1s neutral carbon peak 
at 284.6 eV.  
3.4.5 X-ray diffraction (XRD) 
Powder X-ray diffraction (XRD) measurements were performed using a Shimadzu 
XRD-6000 Spectrometer (Cu target/40 kV/30 mA). 
3.4.6 Elemental analysis 
Elemental analysis was performed using an Elemental (CHN/O) Analyzer, Model 
2400 Perkin-Elmer (Rank O’Connors) with acetanilide used as an internal standard. 
3.5 Denatured and refolding process 
3.5.1 Determination of lysozyme activity 
Lysozyme activity was determined by measuring the decrease of Micrococcus 
lysodeikticus concentration observed at 450nm (Kang et al., 2002). A suspension of 0.1 
mg/ml Micrococcus lysodeikticus which was used as target cell in the enzymatic activity 
assay was prepared in 0.01 M phosphate buffer (pH of 6.24, at 23ºC). To 2.95 ml 
Micrococcus lysodeikticus suspension, 0.05 ml diluted lysozyme solution (about 0.01 
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mg/ml) was added and mixed immediately. The turbidity of the suspension was measured 
at 450 nm by a Shimadzu UV-1601 spectrophotometer. One unit activity corresponds to a 
decrease in turbidity of 0.001 per minute at 450 nm. The lysozyme activity is determined 








450   (U/mg)                                             (3.3) 
in which ∆E450 is the reduction in the absorbance at 450 nm per minute, Ew is the weight 
of the added lysozyme (milligram) in the reaction system, and I the enzymatic activity of 
the sample. 
3.5.2 Denaturation of lysozyme 
Denatured and reduced lysozyme was prepared by dissolving 5 mg/ml hen’s egg white 
lysozyme in the denaturing buffer of 0.1 M Tris-HCl (pH of 8.6) containing 8M urea, 30 
mM DTT, 1 mM EDTA. After mixing, the solution was incubated at 37ºC for 3h and then 
stored at 4ºC (used within 2 weeks). 
3.5.3 Artificial chaperone-assisted refolding of lysozyme 
The denatured protein sample was first diluted with 0.1M Tris-HCl, pH 8.2, 
containing 20mM CTAB, to give a specific mole ratio of CTAB to lysozyme. The mixture 
was incubated at room temperature for 30 min. The solution was then further diluted by 
0.1M Tris-HCl, pH 8.2, containing 0.4mM GSSG, 4mM GSH and 1mM EDTA as well as 
β-cyclodextrin bonded magnetic particles of specific concentration.  
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3.5.4 The refolding yield 
The refolding yield of lysozyme is defined as the recovery of lysozyme activity after 
refolding process which is determined by the following equation: 









−=                (3.4) 
where (enzyme activity)n is activity of native lysozyme and (enzyme activity)r is activity of 
lysozyme after refolding.  
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CHAPTER 4 
SURFACE FUNCTIONALIZED MAGNETIC 
NANOPARTICLES WITH β-CYCLODEXTRIN 
4.1 Introduction 
Nano-magnetic particles were functionalized by attaching β-cyclodextrin to the 
surface of the particles. The attachment procedure has been described in Chapter 3. The 
characterization and confirmation of  β-cyclodextrin attachment to the particle surface 
were carried out using Transmission Electron Microscopy (TEM), X-ray Photoelectron 
Spectroscopy (XPS), X-ray diffraction (XRD), Fourier Transform Infrared Spectroscopy 
(FTIR), Fourier transform Raman (FT-Raman) and Elemental analysis. Results are 
discussed in this chapter. 
4.2 Characterization of bare magnetite particles 
4.2.1 Characterization of bare magnetite nanoparticles by TEM 
The precipitated magnetite was black in color and their morphology was characterized 
by TEM. A typical photomicrograph of the nano-magnetic particles is shown in Figure 4.1 
























Figure 4.1 (B): Enlarged TEM micrograph of magnetic particles 
 
 
Surface functionalized magnetic nanoparticles with β-cyclodextrin   
 37
 




Figure 4.2: Size distribution of magnetic particles 
TEM images of dry magnetic particles were used to calculate the particle size. 
Approximately, twenty five particles were measured. It can be seen that the distribution of 
the magnetite particles follows a log-normal fitted with mean particle diameter dm=8.36 

















D σπα                                   (4.1) 
where p(D)=the probability frequency, D=diameter (nm), D0=mean diameter (nm), 
σ=standard deviation.  
It is known that magnetic particles with size less than about 30 nm exhibits 
superparamagnetism (O’Brien et al., 1996). Previous work in our research laboratory has 
confirmed this by Vibrating Sample Magnetometer (VSM) measurements (Peng et al., 
2004; Shamim et al., 2007). This shows that prepared magnetic nanoparticles had 
superparamagnetic properties and were expected to respond well to magnetic fields 
without any permanent magnetization. Moreover, the nano-sized particles provided large 
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the surface of magnetic nanoparticles. The size of the prepared magnetic nanoparticles 
was comparable to the reported work in literature (Peng et al. 2004, Kang et al. 1996). 
4.2.2 Characterization of bare magnetite nanoparticles by XRD 
Figure 4.3 shows the XRD patterns of magnetite particles. It was found that six 
characteristic peaks occured at 2θ of 30.5, 35.5, 43.7, 53.7, 57.0 and 62.9, which were 
marked by their corresponding indices (220), (311), (400), (422), (511), (440), 
respectively. Magnetite particles (Fe3O4) with six characteristic peaks were reported by 
Peng et al. (2004) and Darko et al. (2005). This indicates that prepared magnetic particles 







Figure 4.3: XRD patterns of magnetic particles (Fe3O4) 
4.2.3 Confirmation of bare magnetite nanoparticles by FTIR 
The FTIR result of bare magnetic particles is shown in Figure 4.4. Spectra indicate 
that the characteristic bands of Fe3O4 occurred at 598.2cm-1. This confirms that the 



























Figure 4.4: FTIR spectra of magnectic nanoparticles Fe3O4 (a) magnetic particles coated 
with aminosilane (b) and β-cyclodextrin bonded magnetic particles (c) 
FTIR spectra of magnetic particles 
 
4.2.4 Conclusions 
From the results of TEM, XRD and FTIR, it may be concluded that: 
 Pure magnetic particles Fe3O4 were prepared successfully by chemical 
precipitation method.  
 These particles have spinel structure, nano-size, superparamagnetic properties 
and large specific surface area.  
4.3 Characterization and confirmation of magnetic nanoparticles coated by 
aminopropyl silane 
The amine (-NH2) groups are attached to the surface of magnetic nanoparticles 
through condensation of aminopropyltriethoxysilane (APTS) reaction. APTS is bi-
functional molecules containing three alkoxy (C2H5-O-) groups and –Si-(CH2)3-NH2 
groups. While –Si-(CH2)3-NH2 groups readily couples with the surface metal hydroxyl 





















Wave number (cm-1) 
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particles prepared by the co-precipitation method had significant numbers of hydroxyl 
groups attached to the surface. The APTS hydrolyzes in the presence of water to form 
silanol groups which couple with the surface metal hydroxyl groups, forming Si-O-M 
bonds upon dehydration. Bifunctional molecule is a typical coupling agent that has the 
structure of Y-(CH2)n-Si-X3, where X presents the alkoxy groups and Y presents the 
organic functional groups, including amine, thiol, carboxylic, phosphate, vinyl, cyanide, 
and methacrylate that determines the final chemical character of the modified surface. The 












Figure 4.5: The coating reaction of magnetite particles with APTS 
As a result, the organic functional groups (-NH2) remained reactive on the surface. The 
kinetics of these processes depended on the experimental parameters used in the surface 
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presence of catalyst etc. These reaction variables strongly influenced the number of active 
amine groups which present on the surface. Methanol, ethanol and toluene were the 
solvents used in these experiments.  
4.3.1 Characterization of magnetic nanoparticles coated aminosilane through TEM 
Figure 4.6 shows two regions of different electron densities. An electron dense part 
(core) that presumable corresponds to magnetite, and a less dense shell region, 
surrounding each core, that likely to be the aminosilane. No crystalline microstructure was 
observed. This is in agreement with the X-ray results. TEM analysis of the nanoparticles 
indicates that both the pure magnetite and magnetic nanoparticles coated by aminosilane 








Figure 4.6: TEM image of magnetic nanoparticles coated by aminosilane 
4.3.2 Characterization of magnetic nanoparticles coated aminosilane through XRD 
Magnetite core 
Aminosilane 
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The XRD pattern of magnetic nanoparticles coated by aminosilane shown in Figure 
4.7 fits the pattern of pure Fe3O4. Therefore, it is concluded that magnetic nanoparticles 
coated by aminosilane were also of spinel structure. No peaks were detected which could 
be assigned to impurities. The XRD pattern of magnetic nanoparticles coated aminosilane 









Figure 4.7: XRD patterns of magnetic particles (Fe3O4) coated by aminosilane 
4.3.3 Confirmation of aminosilane attachment by XPS 
XPS spectra of elements on the magnetic nanoparticles modified aminopropylsilane 
are shown in Figure 4.8. The appearance of nitrogen (N1s) bands (399eV), silicon (Si2p) 
bands (101.1eV) indicated the deposition of APTS on the surface of magnetic particles. 
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binding energy is characteristic of oxygen connected silicon while the other is assigned to 











Figure 4.8: The XPS spectra of elements on the surface of magnetic particles coated by 
aminosilane 
Attachment of aminosilane is a necessary step to introduce the desired functional 
groups –NH2 on the surface through cross-linking deposition layers to immobilize β-
cyclodextrin on the surface of magnetite nanoparticles.  
4.3.4 Confirmation of magnetic nanoparticles coated aminosilane through FTIR 
The FTIR spectra of magnetic nanoparticles coated with aminosilane are shown in 
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of magnetic nanoparticles coated aminosilane was assigned to the valence asymmetric and 
symmetric vibrations of the N-H bonds in the amino groups. In addition, two broad bands 
at 1016 cm-1 and 1120 cm-1 were assigned to siloxane bonds. It is also found that the 
characteristic absorption bands of the Fe-O bond of magnetic nanoparticles coated 
aminosilane shifted to high wave numbers of 599.86 and 640.4 cm-1 compared with that of 
bare magnetic nanoparticles (in 598.2 cm-1). The phenomenon can be explained according 
to the formation of Fe-O-Si bonds where Fe-O-H groups on the surface of Fe3O4 particles 
were replaced by Fe-O-Si-(O-)2-CH2-. More electronegativity of –Si-(O-)2- than H leaded 
to the enhancement of bond force constant for Fe-O bonds so that the absorption bands 
shifted to high wave numbers. 
4.3.5 Confirmation of magnetic nanoparticles coated aminosilane through FT-Raman 
The attachment of aminosilane to the surface of magnetic nanoparticles was further 
confirmed by FT-Raman. In the FT-Raman spectra, Figure 4.9, it is found that the 
absorption bands at 2862 cm-1 and 2925 cm-1 of magnetic nanoparticles coated 

















Figure 4.9: FT-Raman spectra of magnetic particles coated with aminosilane 
4.3.6 Elemental analysis 
The amount of functional groups -NH2 can be calculated from the results of elemental 
analysis. Table 4.1 presents the experimental values of N, C and H percentage of magnetic 
nanoparticles coated with aminosilane. It is found that the bonded amount of aminopropyl 
groups on the surface of magnetic nanoparticles was 0.812mmol/g.  
Xu et al. (1997) prepared the silanized films on the nano-size superparamagnetic 
particles (γ-Fe2O3) using water and toluene as the solvents. The results from elemental 
analysis indicated that a nitrogen content of 0.36 and 0.42 % for the particles silanized in 
toluene and water compared with 1.12 % in the present work.  
 Table 4.1: Elemental analysis for aminopropyl-iron 
 %C %N %H 
Magnetic nanoparticles coated by 
aminosilane 
















Wave number (cm-1) 
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4.3.7 Conclusions 
The results obtained from TEM, XPS, FTIR, FT-Raman and elemental analysis show 
that magnetic nanoparticles can be functionalized by direct silanation using silane 
coupling agent. The magnetic nanoparticles coated with aminosilane had the desired 
functional groups –NH2 on the surface. This is a necessary step for introducing β-
cyclodextrin on the surface of magnetic nanoparticles. Moreover, the results from XRD 
patterns proved that magnetic nanoparticles coated with aminosilane had the same spinel 
structure with bare magnetic nanoparticles. 
4.4 Characterization of mono-tosyl-β-cyclodextrin  
It is necessary to prepare mono-tosyl- β-cyclodextrin as β-cyclodextrin itself can not 
be attached directly to the surface of aminopropyl iron. The synthesis of mono-tosyl-β-
cyclodextrin was carried out by reacting β-cyclodextrin with a solution of paratosyl 
chloride in dry pyridine at 2 − 4ºC for a period 24 h and then another 24 h at room 





Figure 4.10: The scheme to prepare mono-tosyl-β-cyclodextrin 
The hydrolysis reaction of paratosyl chloride is an unwanted reaction. In this condition 
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synthesis in a closed system and dry pyridine. Figure 4.10 shows a symbolic 
representation of the attachment to hydroxyl group from stoichiometric ratio of the 
reactants of 1:1. In actual bonding this may not be the situation. Depending on the degree 
of agitation and other factors affecting the reaction, more than one hydroxyl groups may 
be functionalized. More sophisticated analytical technique such as NMR can give better 
picture. 
The interaction of paratosyl chloride with the primary alcoholic group at the bottom 
edge of β-cyclodextrin’s torus has been confirmed by elemental analysis in Table 4.2 and 
FTIR spectroscopy in Figure 4.11.   
Table 4.2: Elemental analysis for mono-tosyl-β-cyclodextrin 
 %S %C %H 
Mono-tosyl-β-cyclodextrin 2.42 45.60 5.71 
 
The synthesized mono-tosyl-β-cyclodextrin was very similar with what obtained by 
Belyakova et al. (2005) (2.39%S, 45.51%C, 5.67%H). The composition of mono-tosyl-β-
cyclodextrin could also be calculated from its chemical formula C49H75O37S (2.49%S, 
45.68%C, 5.83% H). 
As it can be seen in Figure 4.11, the absorption bands at 1600 cm-1 and 1498 cm-1 
corresponds to the valence vibrations of the C=C bonds in the benzene ring. The valence 
asymmetric vibrations of the S=O bonds in R1-O-SO2-R2 groups and the deformation 
vibrations of the C-H bonds for β-cyclodextrin were presented by the absorption bands at 
1375 cm-1. 












Figure 4.11: FTIR spectra of β-cyclodextrin (a) and mono-tosyl-β-cyclodextrin (b) 
It can be concluded that mono-tosyl-β-cyclodextrin was synthesized and characterized 
by FTIR and elemental analysis.  
4.5 Characterization and confirmation of β-cyclodextrin bonded nano-sized magnetic 
particles 
Belyakova et al. (2005) synthesized mono-tosyl-β-cyclodextrin and attached it to the 
surface of aminopropylsilica. Similarly, reaction between aminopropyl iron and mono-
tosyl-β-cyclodextrin was carried out at 60ºC for 7h in DMF (pH~7) because of the poor 
solubility of Ts-β-CD in water. The bonding of Ts-β-CD to aminopropyl iron was 
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Figure 4.12: The scheme to prepare Fe-CD 
 
To optimize the composition of magnetic nanoparticles bonded β-cyclodextrin, the 
concentration of β-cyclodextrin was varied. As it can be seen from Figure 4.13, the more 
β-cyclodextrin added in the reaction, the less β-cyclodextrin bonded on the surface of 
magnetic nanoparticles. It is known that the homogeneous reaction between amino 
chemicals and tosyl-containing compounds took place at 60−70ºC in an aqueous medium 
with pH>10 (Martel et al, 1995). However, aminopropyl iron collapses at pH>10. 
Therefore, mono-tosyl-β-cyclodextrin was dissolved in N,N-dimethylformamide, and pH 
7−9 was maintained. When the amount of mono-tosyl-β-cyclodextrin added in the solution 
was increased, the pH of solution was decreased. As a result, the amount of β-cyclodextrin 
attached on the surface of magnetic nanoparticles was decreased.   
 
Magnetite particle O Si (CH 2)3 NH2
(OH) 7 (HO) 7
(OH) 6Ts
Magnetite particle O Si (CH 2)3 N
H














Figure 4.13: The amount of β-cyclodextrin bonded on the surface of magnetic 
nanoparticles (mmol/g) with different amount of β-cyclodextrin added in the reaction 
(mmol) 
This result has been confirmed by refolding yield in artificial chaperone-assisted 
refolding. When the concentration of β-cyclodextrin in magnetic nanoparticles bonded β-
cyclodextrin increases, the refolding yield is also improved. Details are discussed in 
Chapter 5.  
4.5.1 Characterization of magnetic nanoparticles bonded β-cyclodextrin through TEM 
A typical TEM of magnetic nanoparticles bonded β-cyclodextrin is shown in Figure 
4.14. It shows that magnetite nanoparticles bonded β-cyclodextrin were also nano-sized.  
Only two regions can be seen (an electron dense part (core) and a less dense shell). 
TEM image of magnetic nanoparticles bonded β-cyclodextrin is almost the same with 
that of magnetic nanoparticles coated aminosilane. No new layer can be observed due to 


























Figure 4.14: TEM image of magnetic nanoparticles bonded β-cyclodextrin 
 
4.5.2 Characterization of magnetic nanoparticles bonded β-cyclodextrin through XRD 
The XRD pattern of magnetic nanoparticles bonded with β-cyclodextrin did not show 
any significant difference with that of bare magnetite nanoparticles (Fe3O4) as well as 
magnetic nanoparticles coated aminosilane. 
4.5.3 Confirmation of magnetic nanoparticles bonded β-cyclodextrin through XPS 
XPS spectra of elements on the magnetic nanoparticles modified aminopropylsilane 
and β-cyclodextrin are shown in Figure 4.15. The appearance of nitrogen (N1s) bands 
(399eV), silicon (Si2p) bands (101.1eV) indicated the deposition of APTS on the surface 
of magnetic nanoparticles. Two bands of oxygen also appeared after silanation at 528 eV 
and 530 eV. The higher binding energy was characteristic of oxygen connected with 
silicon while the other is assigned to the oxygen in Fe3O4. 
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In case of β-cyclodextrin bonded magnetic particles, there were two nitrogen bands at 
binding energies of 399.5 eV and 397 eV, indicating two different types of bonding: one –
NH2, and the other –NH-. On the other hand, XPS spectra of nitrogen before the 
immobilization of β-cyclodextrin had only one band at binding energy of 399 eV which 












Figure 4.15: The XPS spectra of element on the surface of magnetic particles coated with 
aminosilane (a) and with β-cyclodextrin (b) 
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Figure 4.4 shows comparison of the FTIR spectroscopy of the bare magnetite particles 
with Fe-aminopropylsilane and Fe-CD. The appearance of peaks at 3440 cm-1 and 3270 
cm-1 in the FTIR spectroscopy of Fe-aminopropylsilane and Fe-CD was assigned to the 
valence asymmetric and symmetric vibrations of the N-H bonds in the amino groups. The 
bands of Fe-CD at 1666 cm-1 and 1494 cm-1 obviously differed from those for Fe-
aminopropylsilane. The absorption band at 1494 cm-1 corresponded to the deformation 
vibrations of the N-H bonds in secondary amino groups while the band at 1666 cm-1 was 
characteristic of the valance vibrations of the C=N bonds. In addition, the band at 1120 
cm-1 which appeared on the spectra after the introduction of β-cyclodextrin was 
characteristic of –C-O-C- in β-cyclodextrin. Two broad bands of both Fe-CD and Fe-
aminopropylsilane at 1016 cm-1 and 1120 cm-1 were assigned to siloxane bonds. Results 
from FTIR have confirmed that the immobilization of β-CD to the surface of magnetic 
nanoparticles was successful. 
4.5.5 Elemental analysis 
Elemental analysis shown in Table 4.3 provides further evidence of the successful 
immobilization of β-cyclodextrin. The bonded amount of aminopropyl groups on the 
surface of magnetic nanoparticles was 0.812mmol/g and the amount of β-cyclodextrin 
groups grafted to the surface was 0.0428mmol/g. As can be seen, not all –NH2 groups on 
the surface were bonded with β-cyclodextrin. The small amount of β-cyclodextrin attached 
on the surface was most likely due to the steric hindrance of the β-cyclodextrin. 
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Table 4.3: Elemental analysis for magnetic nanoparticles coated with aminosilane and 
β-cyclodextrin 
 %C %N %H 
Magnetite nanoparticles coated by 
aminosilane 3.12 1.12 0.47 
β-cyclodextrin bonded nano-sized 
magnetic particle 4.96 1.09 0.73 
 
4.6 Conclusions  
It is concluded that magnetic nanoparticles was successfully synthesized and then 
functionalized with β-cyclodextrin. The attachment of β-cyclodextrin to the surface was 
established and confirmed by TEM, XRD, XPS, FTIR, FT-Raman, Elemental analysis.  
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CHAPTER 5 
ARTIFICIAL CHAPERONE-ASSISTED REFOLDING 
5.1 Introduction  
Protein renaturation is a kinetically competitive process between the refolding and 
aggregation. Heterologous proteins that are expressed as a biologically inactive aggregate 
in bacteria are called inclusion bodies. These inclusion bodies produced using bacterial 
expression systems often lead to misfolding and subsequent aggregation (Baneyx, 1999; 
Clark, 2001). The reason for these phenomena is believed to be the competition between 
intra-molecular and intermolecular associations of peptide. To recover the native 
conformation of protein, the inclusion body must first be solubilized using strong 
denaturant such as urea or guanidine hydrochloride and then the solubilized inactive 
protein must be refolded into the correct secondary and tertiary structures.  
In new refolding procedures, the artificial chaperone-assisted refolding presents one 
effective way to inhibit aggregation of protein (Yamaguchi et al., 2004; Mannen et al., 
2001). This technique includes two steps. In the first step, the denatured protein forms 
tight complexes with the detergent and avoids aggregation. In the second step, an artificial 
chaperone that binds to the surfactant more strongly than protein strips away the detergent 
from the complex, allowing protein refolding.  
Many approaches have used β-cyclodextrin as artificial chaperone assisted refolding 
(Daugherty et al., 1998; Rozema et al., 1996a). However, molecular chaperone themselves 
are proteins, the production cost and scaling up for industrial process must be considered. 
Artificial chaperone-assisted refolding 
 56
Therefore, it is necessary to reuse them after washing and regeneration. In these respects, 
introduction of a solid phase as a detergent binding agent offers the following 
improvements over the conventional liquid phase method using soluble molecular 
chaperones.  
In the present work, the magnetic nanoparticles bonded with β-cyclodextrin was first 
synthesized and then applied to refold misfolded lysozyme into the native conformation 
with the correct secondary and tertiary structures. The using of solid phase magnetic 
nanoparticles bonded β-cyclodextrin offered the following potential improvements over 
the soluble artificial chaperone assisted refolding: steps to remove the detergent-
cyclodextrin complex can be omitted; and the magnetic nanoparticles bonded β-
cyclodextrin can be reused and handled from the suspension easily by using magnetic 
field. The activity of the recovered lysozyme after refolding was examined to evaluate the 
ability of magnetic nanoparticles bonded β-cyclodextrin for refolding technique.       
5.2 Solid-phase artificial chaperone-assisted protein refolding   
Native lysozyme was denatured and reduced by using a strong denaturant urea or 
guanidine hydrochloride (GdnHCl) in Tris-HCl buffer solution containing 
ethylenedinitrilotetraacetic acid (EDTA) and dithiothreitol (DTT) pH 8.6. In the next step, 
the denatured lysozyme was allowed to form complexes with the detergent 
cetyltrimethylammonium bromide (CTAB). The solution was then further diluted by Tris-
HCl solution containing glutathionine reduced (GSH), glutathionine oxidized (GSSG) and 
EDTA in presence of magnetic nanoparticles bonded β-cyclodextrin. Finally, the samples 
were shaken at a rate of 150 times per minute for 2h to reach equilibrium. Magnetic field 
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was the used to separate these particles from the suspension. The schematic diagram of 
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5.3 CTAB binds to denatured lysozyme 
CTAB is a surfactant and it is, thus, possible to bind CTAB to denatured lysozyme. 
After incubation at room temperature for 30 min, the denatured lysozyme forms complex 
with CTAB to shield the hydrophobic interaction between the protein molecules. In this 
context, detergent CTAB is used as prevention and as well as promotion agents; initially, 
the denatured lysozyme forms complexes with the detergent CATB, and these complex 
components do not react with each other, thus avoiding aggregation. When artificial 
chaperone is added, the detergent is effectively removed from the protein because artificial 
chaperone binds to the detergent more strongly than protein. As a result, the refolding 
reaction of the protein is promoted and initiated. The effects of CTAB concentration on 
lysozyme refolding were reported by Wang et al (2005). When the CTAB to lysozyme 
ratio is in the range of 5−30, CTAB can enhance the refolding of lysozyme without any 
artificial chaperones assisted refolding. When CTAB/lysozyme is in the range of 30−60, 
the refolding of lysozyme is much less compared to that obtained when CTAB/lysozyme 
is the range of 5−30. And when CTAB/lysozyme is around 60 and more, no enzyme 
activity was detected. It means that the lysozyme was totally denatured.     
5.4 Refolding of lysozyme 
5.4.1 Kinetic property of magnetic nanoparticles bonded β-cyclodextrin assisted protein      
refolding 
50 mg/ml denatured lysozyme was diluted to specified concentration using buffer of 
20 mM CTAB with a mole ratio of CTAB to lysozyme of 57:1. With this ratio, lysozyme 
was totally denatured (Wang et al, 2005). This was confirmed by the results from enzyme 
activity assay. After mixing for 30 min, the refolding buffer, 0.1M Tris-HCl, pH 8.2, 
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containing 0.4mM GSSG, 4mM GSH and 1mM EDTA, containing magnetic particles 
bonded β-cyclodextrin (0.0428 mmol β-cyclodextrin/g solid) was added into the solution. 
The final concentrations of lysozyme and solid phase were 0.05 mg/ml and 30 mg/ml, 
respectively. The samples were shaken at a rate of 150 times per minute and they were 
subjected to emzyme activity assay to examine the kinetic of the refolding process. The 
enzyme activities and recovery are shown in Appendix A.1.  
It can be seen from Figure 5.2, it is required about 2h for the maximum refolding yield 







Figure 5.2: Kinetic of magnetic nanoparticles bonded β-cyclodextrin assisted lysozyme 
refolding process (Concentration of lysozyme=0.05mg/l, concentration of solid phase=30 
mg/ml) 
5.4.2 Refolding of lysozyme at different β-CD/CTAB molar ratios 
The refolding of lysozyme was conducted with different β-CD/CTAB molar ratio. The 
samples were shaken at a rate of 150 times per minute for 2h to reach equilibrium before 
they were subjected to lysozyme activity assay. The other refolding conditions were the 
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Figure 5.3 shows the refolding yields as a function of the molar ratio of β-cyclodextrin 
to CTAB. Each β-cyclodextrin to CTAB ratio was determined using the molar 
concentration of β-cyclodextrin calculated from the dry weight of magnetic nanoparticles 
bonded β-cyclodextrin. Results showed that the refolding yield increased with respect to 
the increase in the β-cyclodextrin/ CTAB molar ratio and then it reached an asymptotic 
value when the molar ratio of β-cyclodextrin to CTAB was greater than 2. In addition, the 
experimental results show that concentration of lysozyme after refolding process did not 
change over the time. It is concluded that no adsorption of lysozyme was found on the 






Figure 5.3: Refolding of denatured lysozyme as a function of the molar ratio of β-
cyclodextrin to CTAB 
On the other hand, we could plot refolding yield versus the amount of magnetic 
nanoparticles bonded β-cyclodextrin as seen in Figure 5.4 (enzyme activities and recovery 
are shown in Appendix A.7). Figure 5.4 shows that the refolding yield increased with 
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increase in the solid phase concentration (>30 mg/ml), the refolding yield of lysozyme did 









Figure 5.4: Optimization of amount of magnetic nanoparticles bonded β-cyclodextrin 
(0.0428 mmol β-cyclodextrin/g solid) contained in suspension for refolding 
5.4.3 Effect of different types of nano-magnetic particles on refolding of lysozyme 
The refolding of lysozyme was conducted with different lysozyme concentrations 
from 0.02 to 0.1 mg/ml. 50 mg/ml denatured lysozyme was diluted to specific 
concentration using buffer of 20 mM CTAB with a mole ratio of CTAB to lysozyme of 
57:1. After mixing for 30 min, the refolding buffer, 0.1M Tris-HCl, pH 8.2, containing 0.4 
mM GSSG, 4 mM GSH and 1mM EDTA and either magnetic particles bonded β-
cyclodextrin (0.0428 mmol β-cyclodextrin/g solid), bare magnetic nanoparticles or 
magnetic nanoparticles coated with aminosilane was added into the solution. The final 
concentration of solid phase was 30 mg/ml and the mole ratio of β-cyclodextrin to CTAB 
was 2:1. The samples were shaken at a rate of 150 times per minute for 2h to reach 
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different concentrations of lysozyme with different types of magnetic particles are shown 
in Figure 5.5 (enzyme activities and recovery are shown in Appendix A.4, A.5, A.6).  
It can be seen from Figure 5.5 that the magnetic nanoparticles bonded β-cyclodextrin 
can significantly improve the refolding yield while both the bare magnetic nanoparticles 









Figure 5.5: Comparison of the refolding yields of lysozyme as a function of 
concentrations using types of magnetic nanoparticles. (a) Magnetic particles bonded β-
cyclodextrin, (b) Magnetic particles coated with aminosilane, (c) Magnetite particles 
(Fe3O4) 
Figure 5.5 also shows that an increase in the terminal concentration of lysozyme from 
(0-0.05) mg/ml has leaded to a corresponding increase in the refolding yield when 
magnetic nanoparticles bonded β-cyclodextrin were used as artificial chaperone assisted 
refolding. The highest refolding yield can be obtained at the concentration of 0.05 mg/ml. 
However, the refolding yield decreased with increasing concentration of lysozyme when 
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magnetic nanoparticles bonded β-cyclodextrin in the present study were not very efficient 
for high concentration protein refolding. 
5.4.4 Refolding of lysozyme using only β-cyclodextrin  
Three experiments were carried out using only β-cyclodextrin (without conjugation) at 
0.02 mg lysozyme/ml, 0.05mg lysozyme/ml and 0.1 mg lysozyme/ml. The results are 








Figure 5.6: Refolding of denatured lysozyme using only β-cyclodextrin 
5.4.5 The proposed mechanism of magnetic nanoparticles assisted protein refolding 
The mechanism of magnetic particles assisted protein refolding is proposed here as 
follows. In the first step, a rapid formation of a surfactant (CTAB)-denatured protein 
complex takes in the solution when the surfactant is added into the refolding system. This 
step is called the “capturing”. However, it is necessary to inhibit the formation of 
aggregates. Therefore, the second step is to strip CTAB from the CTAB-denatured protein 
complex to allow refolding to proceed. In this step, magnetic nanoparticles bonded β-
cyclodextrin are added to strip CTAB from the CTAB-denatured protein complex so that 
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can also as the same time inhibit the formation of protein aggregates after CTAB has been 
stripped and protein starts to refold. Baneyx et al. (1999) reported the adsorption of 
denatured proteins to polymer supports by hydrophobic interactions was a major cause for 
low refolding yields. So, magnetic nanoparticles bonded β-cyclodextrin with their 
excellent biocompatibility and hydrophilicity are expected to be advantageous for solid-
phase artificial chaperone-assisted refolding. 
Figure 5.7 shows the proposed mechanism of magnetic nanoparticles bonded β-











Figure 5.7: Proposed mechanism of magnetic nanoparticles bonded β-cyclodextrin 
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5.4.6 Refolding at different protein concentrations 
Figure 5.8 shows the results obtained from enzyme activity assay of lysozyme 
refolded at different concentrations of lysozyme solutions using magnetic nanoparticles 
bonded β-cyclodextrin with different compositions. In this series of experiments, the last 
concentration of lysozyme was from 0.02 to 0.1 mg/ml. The other refolding conditions 
were the same as those reported in 5.4.3. Solid phases used in these experiments were 
0.0428 mmol β-cyclodextrin/g solid, 0.038 mmol β-cyclodextrin/g solid and 0.036 mmol 
β-cyclodextrin/g solid (enzyme activities and recovery are shown in Appendix A.2, A.3 
and A.4). In all cases, the maximum refolding yield was observed at concentration 0.05 
mg/ml.  
Results shown in Figure 5.8 indicate that the the refolding yield  was greatly affected 
by β-cyclodextrin concentration in magnetic nanoparticles bonded with β-cyclodextrin. 
The solid phase concentration of 0.0428 mmol β-cyclodextrin/g solid shows the best 
refolding the yield among the three different solid phase concentrations used in this study. 
(The highest concentration of β-cyclodextrin to the particles can be obtained in the present 

















Figure 5.8: Lysozyme refolding at different concentrations of lysozyme using magnetic 
particles bonded β-cyclodextrin. (a) 0.0428 mmol β-cyclodextrin/g solid, (b) 0.038 mmol 
β-cyclodextrin/g solid, (c) 0.036 mmol β-cyclodextrin/g solid 
5.5 Conclusions 
In summary, it can be concluded that magnetite nanoparticles bonded β-cyclodextrin 
synthesized from present work could be applied to improve refolding yield of denatured 
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CONCLUSIONS AND RECOMMENDATIONS  
6.1 Summary of main conclusions 
Magnetic nanoparticles were first prepared and then bonded with β-cyclodextrin to 
combine superparamagnetic property of magnetic nanoparticles and specific properties of 
β-cyclodextrin. These magnetic nanoparticles bonded with β-cyclodextrin were 
subsequently used for enzyme refolding. The magnetic nanoparticles can be recovered by 
using magnetic field from the suspension. The main conclusions obtained from this work 
are summarized as follows:   
6.1.1 Surface functionalized magnetic nanoparticles with β-cyclodextrin  
In this study, magnetic nanoparticles was first synthesized and then functionalized 
with aminopropylsilane to introduce the desired –NH2 groups on the surface. In the next 
step, β-cyclodextrin was attached on the surface of magnetic nanoparticles by forming 
bonds between derivative of β-cyclodextrin, mono-tosyl- β-cyclodextrin, and –NH2 
groups. The synthesized magnetic nanoparticles bonded β-cyclodextrin were then 
characterized by TEM, XRD, XPS, FTIR, FT-Raman and elemental analysis and their 
results are as follows: 
¾ Magnetic nanoparticles with nano-size (about 10 nm) were synthesized 
successfully and their characteristics were supported by FTIR, TEM and XRD 
results. 
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¾ Magnetic nanoparticles coated with aminosilane were also prepared to introduce       
−NH2 groups on the surface. The existence of Si, N and the –O-Si-C- bonds was 
confirmed by XPS, TEM and FTIR and elemental analysis. 
¾ The results from elemental analysis of magnetic nanoparticles coated with 
aminosilane indicate that the bonded amount of aminopropyl groups on the surface 
of magnetic nanoparticles could reach about 0.812mmol/g.  
¾ The bare magnetic nanoparticles, magnetic nanoparticles coated with aminosilane 
and magnetic nanoparticles bonded β-cyclodextrin have the same spinel structure 
with the typical six characteristic peaks in the XRD patterns.  
¾ The immobilization of β-cyclodextrin on the surface of magnetic nanoparticles has 
been established. The results from FTIR, XPS, FT-Raman and elemental analysis 
have confirmed the formation nano-sized magnetic particles functionalized β-
cyclodextrin. 
¾ The synthesized magnetic nanoparticles bonded β-cyclodextrin were also in nano-
sized (about 15 nm) with 0.0428mmol β-cyclodextrin/g solid. The small amount of 
β-cyclodextrin attached on the surface was most likely due to the steric hindrance 
of β-the cyclodextrin.   
¾ The combination between superparamagnetic property of magnetic particles and 
selectivity of β-cyclodextrin should have potential application in refolding field. 
These particles can be easily recovered from the suspension by using magnetic 
field after refolding. 
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6.1.2 Artificial chaperon-assisted refolding 
In this study, the artificial chaperone-assisted refolding presents an effective way to 
inhibit aggregation of protein. Magnetic nanoparticles bonded β-cyclodextrin were applied 
to refold misfolding lysozyme into the native conformation with the correct secondary and 
tertiary structures. The main conclusions from the study are summarized as follows: 
¾ Native lysozyme was denatured completely by using urea in buffer solution 
containing EDTA and DTT at pH of 8.6.  
¾ The magnetic nanoparticles bonded β-cyclodextrin significantly improved the 
yield compared with either bare magnetic nanoparticles or magnetic nanoparticles 
coated with aminosilane. 
¾ The β-cyclodextrin concentration in magnetic nanoparticles bonded β-cyclodextrin 
can greatly affect the refolding yield. 
¾  The refolding yield increased with increasing β-cyclodextrin/CTAB molar ratio 
with a maximum of 80% refolding yield at β-cyclodextrin/CTAB molar ratio of 2. 
¾ The refolding yield increased rapidly when the amount of solid phase was 
increased from 10 mg/ml to 30 mg/ml and it reached an asymptotic value when 
solid phase was more than 30 mg/ml. 
¾ The refolding yield increased when the last concentration of lysozyme changed 
from 0−0.05 mg/ml. The highest refolding yield was obtained at the concentration 
of 0.05 mg/ml. When the concentration of lysozyme was more than 0.05 mg/ml, 
the refolding yield decreased.  
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¾ Magnetic nanoparticles bonded β-cyclodextrin was applied successfully to refold 
denatured lysozyme without any adsorption on the surface.  
6.2 Recommendations 
Some recommendations for the future work are proposed here: 
¾ The amount of β-cyclodextrin attached on the surface of magnetic nanoparticles in 
the present study can only reach to a maximum value of 0.0428mmol/g. This 
amount is not very high. Investigation on the higher concentration of β-
cyclodextrin attached on the surface is recommended in order to improve the 
efficiency of magnetic nanoparticles bonded β-cyclodextrin.    
¾ There is a need for further development to confirm the effectiveness of lysozyme 
refolding using magnetic nanoparticles bonded β-cyclodextrin. In this work, only 
lysozyme activity was studied, non-reductive SDS-PAGE, protein fluorescence 
spectra and ion exchange chromatography should be used to generate a more 
comprehensive understanding of magnetic nanoparticles bonded β-cyclodextrin 
assisted protein refolding. 
¾ Magnetic nanoparticles bonded β-cyclodextrin in the present study was 
satisfactory for a low concentration protein refolding. The highest lysozyme 
concentration which could be effectively refolded by these particles was 0.05 
mg/ml. The synthesis of higher amount of β-cyclodextrin attached on the surface 
of magnetic nanoparticles should be included in any future work with higher 
concentrations of lysozyme. 
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¾ In present work, only lysozyme is used as model protein. Further study with other 
proteins should be carried out in order to generate a more comprehensive 
understanding.    
¾ This research has focused on magnetic nanoparticles bonded β-cyclodextrin 
assisted refolding protein. However, not only refolding field but separation chiral 
compound can also be applied. β-cyclodextrins are known to be chiral molecules 
and they can form inclusion complex with molecules that penetrate their cavities. 
Thus, another application of magnetic nanoparticles bonded β-cyclodextrin could 
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REFOLDING YIELD OF LYSOZYME 
 
Enzyme activity of native lysozyme (In):           In= 27000 U/mg 
















A.1 Kinetic property of magnetic nanoparticles bonded β-cyclodextrin assisted protein refolding (lysozyme: 0.05mg/ml; particles: 
30mg/ml) 
Time (min) 
Absorbance at 450 nm 
(Et=0) 
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A.5 Refolding yield at different concentrations of lysozyme using bare magnetic nanoparticles  
Concentration 
(mg/ml) 
Absorbance at 450 nm 
(Et=0) 























































A.6 Refolding yield at different concentrations of lysozyme using magnetic nanoparticles coated with aminosilane 
Concentration 
(mg/ml) 
Absorbance at 450 nm 
(Et=0) 
























































A.7 Refolding yield at different concentrations of magnetic nanoparticles bonded β-cyclodextrin (0.0428 mmol β-cyclodextrin/g solid) 
Concentration 
(mg/ml) 
Absorbance at 450 nm 
(Et=0) 



































































CALCULATION OF β-CYCLODEXTRIN COUPLING 
 
From percentage of nitrogen (%N), number of moles of nitrogen in the 1g particles is calculated.  





410785.7 −×  
The mass of carbon in aminopropyl group is then calculated: 
                                   mC = nN ×  MC ×  3 = 0.0280 g 
And then mole of β-cyclodextrin: 
Mole of β-cyclodextrin:  nC= 1242
0280.0%
×
−C =0.0428 mmol/g  
 
